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Abstract
Small (sub-mm) fragments of construction materials derived from geological products are common components of soil and dust samples from urban and industrial environments.  These particles increase the complexity of a soil through the admixture of man-made materials with natural minerals within the soil matrix.  One application of such indicators is in nuclear security investigations, where there is a requirement to determine the origin and process history of a nuclear material discovered outside of regulatory control.  In such cases, analysis of trace environmental materials accumulated from locations where the material was produced, transported and stored may help to establish material provenance.  Given a suitable sample, the recognition of particles derived from construction materials can aid such investigations by helping to determine potentially distinctive properties of the originating environment, such as types and potential sources of building materials. Correct identification of man-made particles is also necessary to prevent misidentification of soil mineral particle profiles, and therefore enable determination of the natural mineralogy of associated soil material. In this paper the application of automated mineralogy (based on scanning electron microscopy) analysis for the characterisation of sub-mm particles of man-made construction materials is tested.  Thirty-three examples of concrete, construction blocks, cement, brick, plaster and render were analysed.  Based on both the particle texture and the minerals / chemical phases present, it is shown that the different construction materials can be readily recognised and characterised.  Comparison of natural and artificial cemented particles derived from sedimentary rocks and concrete, and of natural and artificial fine-grained particles derived from mudstone and brick fragments highlights how salient features can be recognised from automated mineralogy data to distinguish man-made geological products from soil mineral assemblages.  
1.	Introduction 
The analysis of trace environmental material can provide distinctive forensic evidence in serious crime and security investigations.  Environmental materials such as soils and dusts are readily transferred and can be collected for analysis to provide evidence or information to aid an investigation.  Use of this analysis to constrain or identify potential locations associated with an investigation is referred to as forensic geolocation [1], a methodology being adopted world-wide [2, 3].  Forensic geolocation methods can be used to aid the assessment of the origin and provenance of intercepted nuclear materials, a field of investigation referred to as ‘nuclear forensics’ [4].  In these cases, key questions for investigation relate to the origin and last lawful owner of any found or intercepted nuclear materials, so that additional material can be safeguarded from further loss, or particular facilities or operators can be ruled out as the source of the material.  The field of ‘nuclear forensic science’ has developed to support these requirements through the evaluation of signature properties of nuclear materials, such as chemical form and radioisotope ratios [5], which may provide an indication of their origins, if distinctive combinations of such properties can be identified.  To provide a robust capability in nuclear forensics, the evaluation of additional independent indicators of the geographical origin of a material is advantageous.  It is in this context that forensic geolocation may provide supporting information relating to the potential origin of a sample.  The analysis of accumulated trace materials associated with a nuclear material find can aid in the characterisation of the types of environment where the material was produced, transported or stored. 
Many of the environmental signatures typically considered for forensic geolocation have already been significantly investigated and established for criminal forensic applications [6].  Natural environment materials such as soils and sediments can be used to identify the geological and climate setting from which they originate [7, 8].  In particular, soil mineralogy can be a robust indicator of underlying geology [9], and this has been exploited to constrain or identify locations in many studies focused on rural crime scenes [e.g. 8, 10], where soil mineral particles principally arise from weathering of local bedrock and from the superficial geology [8].  However, soils and dusts arising from industrial environments, which may be more relevant to nuclear forensics scenarios, will also contain particles from anthropogenic sources [11, 12]. Some of these indicators, such as traces of radionuclides, may be able to provide distinctive indications in themselves. However, other materials, such as those derived from geological products such as construction materials may be difficult to distinguish from naturally occurring particles and therefore may affect the assessment of the potential geological origin of a sample. There is therefore a requirement to be able to identify anthropogenic particles made from geological commodities, and understand how this may influence the interpretation of geolocation assessments for complex soil types arising from industrial environments. 
In this study, the characterisation of anthropogenic particulates derived from several classes of common industrial construction materials made from geological or mineralogical products is described using automated scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDX). The use of such systems for rapid analysis of soil mineralogy has been described in several studies [13, 14], and a specific aim of this study is to test how readily such analysis can distinguish particles derived from anthropogenic geological products from naturally occurring particles related to the geological setting of the sample location. 

2.	Geological Product Particles in the Environment
Forensic casework experience based largely in the UK shows that man-made particles are common in soils and may form a substantial component of soil or dust in industrialised or urban environments. The release of built environment materials to soils can occur as a result of debris generated during construction, demolition, or other building activities along with natural physical and chemical weathering. Typical built environment materials which may be encountered include concrete products, engineered ceramic products such as brick and roofing tiles, specialist and re-enforcing metals, glasses, natural building stones used in construction or as facing materials, cements and renders, and surface coating materials such as plaster and paint. The presence of these particles can make surface environmental traces from built environments distinctive and highly source specific [15].
Macroscopic fragments of these materials can be readily identified and isolated for analysis using simple techniques such as binocular microscopy, however, smaller particles can be challenging to adequately characterise. Although a variety of methods for the forensic analysis of some anthropogenic particles, such as metal and glass fragments, are well described [e.g. 16], materials which are derived from geological products can be similar in composition to mineral grains naturally present in soils, and are consequently more challenging to recognise and characterise. Therefore, in a geolocation study there is a need to develop protocols for the recognition of a range of built environment materials, both to capture any distinctive location information that these traces may provide, and to avoid biasing estimates of the composition of the underlying geology from the natural soil mineralogy. The properties used for distinction depend on the type of analysis applied; this study uses automated mineralogy based on an SEM-EDX platform due to the ability to rapidly characterise a large number of grains at a range of length scales [14]. 
Each of the classes of man-made geological products possesses specific mineralogical and microstructural (textural) properties, which can be examined by automated mineralogy analysis. Recognition of distinctive patterns in these properties permits particles and traces of these materials to be identified during analysis. A key control on this distinctiveness is the extent to which the material has been modified during processing for use; this ranges from building stones and concrete aggregates which can be wholly natural in composition, through to synthetic mineralogical products such as fly ash materials used in some concretes [17]. Therefore, processes for identifying construction materials must rely on adopting a variety of potential indicators. These include identifying natural particles which may be out of context with the local natural geological composition, and therefore indicative of imported natural products used as stones or aggregates, and identification of a range of distinctive mineralogy and textures which are associated with synthetic materials such as ceramics, cements and mineral waste products. 
3.	Materials and Methods
3.1	Sample Selection and Preparation
	Thirty three modern and historical construction materials were selected for analysis (Table 1). The materials were obtained from various current suppliers along with historical samples from existing buildings. All samples were sourced in South West England, UK. The samples principally composed concrete products and construction blocks (20), with smaller numbers of samples of bricks (6), cement-lime based external renders, internal renders and plasters (7). The materials were photographed and sub-sampled, and a portion of all samples was physically fragmented by placing a ~1 cm3 sample within clean plastic sample bags before hitting the sample with a hammer (thus avoiding any possible cross contamination).  The fine (<1 mm) fraction from the size reduced portion was prepared for SEM-EDX by mounting particles in epofix resin backfilled with araldite resin within 30 mm diameter moulds. The blocks were then polished to reveal particle cross sections and carbon coated prior to analysis. For materials where a coherent subsample could be extracted, a portion was also prepared as a thin section using standard petrographic preparation techniques. 
3.2	Mineral / Phase Analysis
Samples were analysed by SEM-EDX based automated mineralogy using a QEMSCAN platform.  This method of automated mineralogical analysis is widely used [18, 19, 20] and has previously been used for forensic analysis of soil samples [13, 14, 21]. In brief, individual particles are located and elementally mapped in cross section by the acquisition of EDX spectra (1000 counts / spectra) at a regular, operator defined spacing across the sample. The 1000 count spectrum places limits of detection for elements present within each analysis point at an abundance of approximately three atom per cent [22].  The instrument used in this study was an FEI 650F SEM equipped with two Bruker Quantax 30 mm2 EDX spectrometers. A point spacing of 6 µm was employed and a particle size range of 20 – 800 µm was selected for analysis. In each sample around 5000 individual particles were analysed based on the acquisition of between approximately 1 x 105 and 1 x 106 individual EDX analysis points; the number of analyses is controlled by the size of the particles, with a larger number required to characterise larger particles (Table S1). 
In data processing and analysis, each analysis point is automatically assigned to a mineral or chemical grouping within an operator-defined classification scheme. This classification is based primarily on elemental composition and therefore materials are identified in this method based on the phase chemistry rather than crystal structure. This is particularly important to note for this study as many of the materials contain both naturally occurring minerals, for example aggregate components in concretes, or unaltered mineral grains in ceramic products, and man-made or modified inorganic materials, such as the cement phases in concrete, or fired phases in bricks. In this paper we distinguish between naturally occurring crystalline materials, denoted as ‘minerals’, and man-made or modified variably crystalline materials, denoted as ‘phases’. The compositional groupings used in this study are described in Table 2.
The automated mineralogical analysis data outputs used in this study are modal mineralogy, mean grain size (grains defined as domains of single composition) and synthetic (false) colour phase composition images which can be used to assess texture and association of different chemical groups. Samples prepared as thin sections were scanned and examined using transmitted polarised light microscopy, then described and digitally photographed. 

4.	Results
Automated analysis allows the relative abundance of both the naturally occurring mineral grains and anthropogenic materials to be quantified. In the following, major phases are defined as those making up >10 % of the sample, minor phases 1-10% and trace phases < 1%. Materials are characterised both on the modal abundance and also the textural associations of the various occurring minerals and phases. Texture in particular, as assessed through false colour QEMSCAN composition images, can be significant in the interpretation of the origins of the analysed particles. 
4.1	Concrete Products
Twenty concrete and construction block samples were analysed in this study. Modal mineral analysis and particle textures are shown in Figure 1, and representative data are detailed in Table 3. By definition, concretes are a mixture of aggregates held within a cement binding material, and both of these components can be analysed using automated mineralogy. The description and analysis of concrete is a specialist sub-branch of petrography with an extensive literature dealing with the composition of the aggregates, cementing agents, mechanisms of degradation and failure etc. [17]. Here the general chemical groupings are used to describe the composition of these materials as detailed in Table 2. 
4.1.1	Aggregate Mineralogy
In the samples analysed, aggregate grains comprised 60-70% of the concrete compositions. A very wide range of different geological components are quarried and used as aggregates [23], and this diversity of materials is reflected in the analysed samples. Compositionally four groups of aggregate mineralogy were identified within the analysed samples: (a) carbonate dominated, (b) carbonate-quartz, (c) quartz-feldspar and (d) CaAl silicate (Figure 1). 
The carbonate and carbonate-quartz dominated concretes were composed of the carbonate minerals calcite, ferroan (iron rich) calcite and dolomite, along with minor grains of quartz and minor amounts of K feldspar. Texturally the calcite/ferroan calcite/dolomite grains were identified as lithic fragments of crushed limestone. Some of the aggregates were very pure with ~60% calcite/ferroan calcite/dolomite (e.g. samples C11 and C12, both of which are moulded paving slab products), whereas others comprised a mixed aggregate with crushed rock limestone intermixed with quartz sand. For monominerallic rocks such as limestone, transmitted light microscopy can reveal additional textural features such as different types of carbonate grains, bioclasts (fossils) and natural limestone cement fabrics (Figure 2 A and B). As these features do not have different chemistry this texture is missed by automated mineralogy. These markers may be of importance, for example to distinguish adventitious aggregate grains from soil carbonates, or for comparison and identification of aggregates in unknown samples. This highlights the advantage of utilising complementary analytical techniques to maximise the forensic information which can be extracted from a sample. 
A clear grouping, comprising mainly of older concretes, had a mineralogical assemblage consistent with aggregates sourced from granitic rocks, being composed of quartz, potassium feldspar and plagioclase along with a range of accessory minerals (e.g. C22, Table 3). Different mineralogical signatures were observed which could identify distinctive granite types. Tourmaline and topaz granites were identified by the abundance of these minerals, whereas samples with abundant biotite and muscovite indicate two mica granites. As these are the different granite types which make up the Cornubian batholith in SW England [24], this reflects the geographic region of sample sourcing. Tourmaline rich samples (e.g. C4, C20, and C31) have a mineralogy consistent with waste products from china clay mining in the St Austell Granite. Sample C4 was distinctive in having abundant topaz, the most likely source of which is the topaz granites in the St Austell Granite [24]. In contrast to the monominerallic limestone aggregate, the texture of these particles is readily determined by automated mineralogy as the particles are polyminerallic, comprising domains of distinct chemistry which can be detected and analysed (Figure 2).
The fourth grouping was representative of the use of industrial and waste products in the production of specific concrete types. In this study, two samples (C2 and C10) of a low density thermal construction block (thermalite) were found to comprise these man-made rather than natural aggregates. These were both texturally and mineralogically distinctive (Figure 1), being dominated by finely intergrown CaAl silicates and CaFeAl silicates. This fine texture gives these particles a more homogenous appearance in automated mineralogy images than the grains of different minerals observed in the carbonate-quartz and quartz-feldspar groups, and the variably naturally cemented texture observed in the carbonate group (Figure 1). A distinctive spherulitic microtexture was also observed in these samples; this can be observed using standard SEM imaging, but is also evident in automated mineralogy particle images (Figure 3). This arises from the use of fly ash residues in the formulation of these products, which controls the distinctive chemistry and morphology of these samples. 
Although these products were sourced from the same area of the UK, these compositional groups highlight that even within similar construction products, aggregate can be diverse in composition. Many of the natural aggregates identified in these products, particularly the calcite and quartz-calcite compositions, were not derived from the geology local to the location at which the construction material was sourced. Identification of these particles would be distinctive in a soil from a known location, although it would not be possible from this analysis to identify whether it was only the aggregate component, or the entire cement product, which was imported. In either case, these particles could be excluded from estimation of the natural mineral composition of soil. The distinctive texture and composition of aggregate grains allows them to be identified; indeed this is strongest where the particle is not in context with the composition of the local geology (e.g. limestone grains in a granitic derived soil, etc.).
These examples demonstrate that aggregate types used in concrete production can be readily determined by automated mineralogy, even in particles substantially less than 1 mm across. Identification of the geological provenance of aggregates (e.g. the samples comprising aggregates from the St Austell Granite) is an example of the additional information, and points of comparison, which can be derived from considering man-made geological products as a separate component to soil mineral particles.
4.1.2	Binder Mineralogy
In addition to the mineralogy of the aggregates, the composition of cement binder phases in concretes can also be determined though automated analysis. During concrete production, the (typically) Portland cement binder undergoes hydration, with the formation of calcium silicates, calcium hydroxides, hydrated aluminates and ferrites [17]. In the samples analysed, the cement phases are characterised by the presence of a range of finely intermixed species dominated by Ca silicates and CaAl silicate chemical groupings, with less abundant CaFeAl silicate, CaSiS silicates (e.g. thaumasite), Al(Fe) silicates and glass phases (as defined in Table 2). The measured abundance of these phases is consistent across all of the analysed samples which contain natural aggregate materials (Groups A, B and C, Figure 4). Group D is distinct in that the CaAl silicate and CaAlFe silicate compositional groups include the cement phase as well as the man-made pulverised fly-ash used in the construction of the thermalite bocks, and therefore make up a substantially larger fraction of the modal mineralogy of this sample (Figure 4, Sample C2 Table 3). 
In concretes constructed from coarse-grained aggregates, individual particles composed purely of binder phases (i.e. lacking any aggregate grains) were detected. These are chemically and texturally distinctive and can be readily identified as cement fragments. More typically the individual monominerlalic aggregate grains retain a partial or complete surface coating of the cement phases (Figure 4). If there are adhering surface cement phases present on a mineral grain derived from a concrete source, these will be detected and observed in particle images if the thickness is greater than the analysis step size (in this study, 6 µm). In addition to the observation of mineral grains strongly out of context with the local geology, this provides an additional feature on which to identify mineral grains added to a soil profile through breakdown of concretes. 
4.2	Bricks and Ceramics
	Bricks are manufactured from quarried clay products which are fired at high temperature to produce a ceramic product. Depending on the raw materials and end use, bricks can vary considerably in texture, chemistry and appearance [25]. Degradation of bricks in urban or industrial environment can supply particulate materials to the soil profile. Based on automated mineral analysis, small particles derived from these fired ceramic products are easily identifiable based on a combination of phase chemistry and texture (Table 4, Figure 5). From the six structural brick samples analysed, only two were compositionally and texturally similar to each other. This compositional variation is because of changes in the types and relative abundance of raw materials used [25], along with differences in the manufacturing process.
Although the samples are compositionally variable, they are texturally distinctive, comprised of finely intergrown grains. Even in the <1 mm particles this characteristic fabric allows the origin of the particles as derived from bricks to be distinguished. During firing, some mineral components such as quartz and rock fragments do not change, whereas clay minerals rapidly alter to form new phases [25]. This is reflected in the composition and texture of the brick fragments, which show a mixture of intergrown phases reporting to ‘K-feldspar’ and ‘Ca-Al-silicate’ compositions (Table 4) and coarser grains (e.g. quartz, Figure 5) which carry over from the raw material with little alteration.  The variability in observed brick composition raises the possibility that there may be sufficient textural and mineralogical variation to support characterisation of brick production from analysis of small particles. This would require further systematic investigation to establish if a sufficiently robust identification scheme could be developed. 
4.3 Internal and external renders cements and plasters
	Depending on the type of construction method used, internal and external walls and surfaces may be partially or completely covered with a range of different renders including cements, mortars and fine-grained concrete screeds. Internal surfaces may be either coated with a thin plaster screed, or in more recently constructed buildings covered with plaster board. Seven different samples of internal and external renders and plasters were analysed. Compositionally these are the most varied group analysed. 
	Three of the samples analysed are external or internal cement renders. These types of renders and concrete screeds are products in which a sand grade aggregate has been mixed with cement to form an easily workable, fine-grained material. As such they show strong similarities to the coarser-grained concretes analysed, other than the size fraction of the aggregate particles and the packing or arrangement of the aggregates intermixed with the cement phases. Two of the three cement renders analysed (samples C1 and C32) are composed of sand-grade grains of major quartz and K-feldspar along with minor amounts of biotite, muscovite, tourmaline and calcite aggregates (Figure 6). This mineralogy is suggestive of an aggregate derived from a tourmaline / two mica granite source. In contrast, the aggregate grains in the third sample were angular and composed of calcite and quartz, with minor K-feldspar, plagioclase and biotite, interpreted to be derived from a mixed crushed rock aggregate (Figure 6). As with the concrete samples, these grains retain a partial surface coating of cementing phases, identifying them as deriving from a man-made cement product. 
A sample of historic internal plaster/render was analysed (C33, Table 5). The mineralogy of this sample was complex; the most abundant phase present reports to the mineralogical category ‘biotite’, but is an MgAl silicate phase. Texturally this phase is not consistent with biotite, and is interpreted as a man-made phase. The other main minerals present in this sample are gypsum, dolomite, quartz, K-feldspar and Ti phases. The Ti phases are interpreted to be white paint flakes. In general, the particulates making up this sample are all of a very restricted size range, suggesting that this sample is predominantly a man-made product. Examining the size range of a class of particles of interest (e.g. Ti phases) to provide indication as to their man-made or natural origin is therefore also of importance in assessing the source of material in a soil. 
Two samples of modern plaster board were analysed (C6 and C15, Table 5). These two samples are mineralogically and texturally similar to each other, as well as highly distinctive from the other materials in this study, being dominated by major gypsum along with calcite and a CaSiS phase. The samples were very fine grained and had a characteristic porous texture; however, this may in part be an artefact of sample preparation with partial dissolution of the gypsum during the polishing of samples prior to analysis. In climates such as the UK, debris derived from plaster and plaster products is unlikely to be widely present for long periods of time in the natural environment due to its solubility, although would be likely to be preserved in more arid regions or covered areas.

5	Discussion
	Three broad families of material were analysed in this study; (i) concrete products comprised of aggregate and cement binder phases, (ii) brick and ceramic products, and (iii) internal and external renders, cements and plasters. Each class of material has distinctive characteristics, and are readily distinguishable from typical (UK) soil minerals (e.g. gypsum-rich plasters). However, the concrete and brick materials studied, which contain components derived from natural rock fragments with similar mineral composition to soils, require more detailed consideration. The identification of naturally occurring mineral/rock fragments as having been derived from concrete products utilises the recognition of associated man-made cement phases based on both their composition and texture.  Where the aggregate phases are derived from igneous or metamorphic rocks, the individual concrete/render particles are distinguished texturally by the presence of man-made cement phases surrounding the primary igneous / metamorphic fragments.  The only naturally occurring rocks which would be texturally similar to small fragments of concrete / render would be sandstones or siltstones in which detrital mineral grains are surrounded by natural minerals forming diagenetic cements. However, although texturally similar, the composition of the natural or man-made cement phases is different (Fig. 7 A and B [23]). The most common natural cement minerals in sandstones / siltstones are carbonates (calcite, ankerite), quartz and clay minerals (kaolinite, chlorite, illite, smectite).  In contrast the man-made cements would report to the chemical groupings Ca silicates, CaAl silicates or CaAlFe silicates.  Consequently, by combining the textural information along with the mapped phase chemistry, <1 mm particles of cement/concrete can be differentiated from naturally occurring particles in soil samples.  
The recognition of small fragments of fired construction materials such as bricks and refractories is also achieved through a combination of texture and phase chemistry.  Typically, small brick fragments have a texture characterised by interlocking fine grained phases.  As such the particles are texturally similar to aggregates of clay-grade soils along with fragments of naturally derived mudrocks (Fig. 7 C and D, incorporating data from [9]).  However, although they are texturally similar, the composition is significantly different and can be easily differentiated based on the minerals/phases present.  Natural clay-grade soil aggregates and fragments of mudstone will be dominated by clay minerals (kaolinite, illite, chlorite and smectite) along with commonly occurring silt-sized mineral grains (e.g. quartz, K-feldspar, plagioclase, biotite, muscovite).  In contrast, although mineral grains such as quartz may not be altered during the firing process and may therefore be present within fragments of brick, the dominant fired phases present will be CaAl silicates, CaFeAl silicates and Al(Fe) silicates which can be clearly differentiated from naturally occurring clay minerals.
To illustrate this in a casework example, Fig. 8 provides particle images for a sandy soil sample, submitted for analysis [D. Pirrie pers. comm.].  Whilst the sample is dominated by naturally occurring mineral grains, many of the grains have a partial coating of Ca silicates around the grain margins.  In this case the sample was demonstrated to have been derived from a degrading floor surface covered with a concrete screed along with local soils.  These data demonstrate that the modal and textural mineralogy data from automated mineral analysis permits natural assemblages to be distinguished from man-made geological products which may have similar features. Samples for automated mineralogy can be prepared in a manner (e.g. thin section) amenable to other complementary techniques such as polarising light microscopy (e.g. Figure 2) or vibrational spectroscopy to provide additional textural or speciation data required to describe the origins of an unknown particle within a sample.

6.	Conclusions
Particulate grains derived from construction materials are a common component in many soils and surface debris samples, particularly in built environments such as urban or industrial settings. In this paper a range of construction materials have been characterised using SEM-EDX automated mineralogy to examine features which may be used to identify such particles in complex soil or dust samples. These features allow particles to be identified and isolated during data analysis from the naturally occurring component of a soil sample. This is important to allow accurate characterisation of the geological setting associated with the samples, and secondly the use of anthropogenic materials may provide an additional distinctive marker in the sample.
Specifically, particulates from concretes are shown to be identifiable texturally from the surface cement layer coatings, comprising phases which are compositionally distinctive, and distinguishable from, similar textures in certain minerals. Automated SEM-EDX mineralogy was successful in classifying the aggregate mineralogy present, and four concrete product classes were readily identified. In some cases the local geology can be recognised in the aggregate mineralogy, although in most cases the aggregate compositions were evidently imported from different regions or were synthetic. The brick materials examined showed a characteristic microtexture comprising synthetic phases which allow their distinction from similar natural textures in mudrocks. The mineralogic compositions of 5 of the 6 bricks analysed showed distinct differences from each other.  
These findings, for an unknown soil sample, allow recognition of the presence or absence of man-made particles, along with the types of particles present, and hence the source area of that soil to be described in more detail, in terms of the urban vs rural setting, nature of the local built environment and past/present industrial land use. Within our field of particular interest - nuclear security investigations - this approach is wholly complementary to analysis of the properties of an unknown nuclear material [4,5], and consideration of potential trace nuclear signatures, such as residual amounts of other associated radionuclides [26]. As nuclear forensics cases are likely to relate to materials associated with industrial environments, it is expected that particles released by the breakdown of built environment materials will be present in association with a found nuclear material. Robust methods for recognition of these collateral materials is therefore important to allow maximum exploitation of all forensic traces in these complex investigations. 
 This paper demonstrates that the use of automated mineralogy is amenable to the recognition and characterisation of particles derived from common construction material classes, even when below the size (<1 mm) typically considered for recognition by stereomicroscopy. This method allows the composition and texture of the man-made particles present to be captured through the same analysis (and at the same time) as the naturally occurring mineral grains, providing a rich dataset for use in forensic analysis. 
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Figure 1.  Automated mineralogy characterisation of the aggregate component in concretes. Based on modal mineralogy (top) and particle texture (false colour QEMSCAN images, bottom), four distinct groupings were readily distinguished. (A) Carbonate (limestone crushed rock aggregate) compositional group, Sample C11.  (B) Carbonate-quartz compositional group (mixed limestone and quartz sand aggregates), Sample C16.  (C)  Quartz-feldspar (granite aggregate) compositional group, Sample C20.  (D) CaAl silicate group – thermalite block constructed from pulverised fly-ash reporting to the CaAl silicate compositional group.  Scale bar for all QEMSCAN images is 1 mm.

Figure 2.  Textural information relating to the aggregate grains obtained from transmitted polarising light microscopy and automated mineralogy.  (A) Thin section cross polarised light image of Sample C13, showing coarse crushed rock limestone aggregate grains along with smaller grains dominated by quartz.  The limestone grains comprise ooid grains and bioclasts along with primary carbonate micrite mud and sparry calcite cements. (B) The corresponding automated mineralogy image in which much of the petrographic detail is lost as the carbonate grains, micrite mud and sparry calcite in this sample are all composed of low Mg calcite and hence are not distinguished during automated SEM-EDS analysis.  (C) Sample C14, where compositional variation carbonate grain types can be identified in the automated mineralogy images such as the ooid grain from thisample.  (D) Sample C4 showing the textural information retained within the particle images where the aggregate types are polyminerallic, such as the quartz-plagioclase-tourmaline and topaz grains derived from a granitic aggregate.

Figure 3.  Characteristic texture of man-made thermalite blocks manufactured using fly-ash residues as imaged using scanning electron microscopy (images A and B) and also as automated mineralogy particle images (C), Sample C2.

Figure 4.  Automated mineralogy characterisation of the binder component in concretes, showing modal mineralogy (top) and example binder texture (bottom, sample C29).  The measured proportion of Ca silicates and CaAl silicates is consistent in the analysed samples irrespective of the aggregate compositional groups.  The man-made group D is distinct in that the CaAl silicate compositional group includes the man-made pulverised fly-ash ‘aggregate’ phase. The QEMSCAN image shows binder texture; note that in some particles (e.g. area A) multiple aggregate grains occur surrounded by the man-made cement phases.  In contrast in area B, individual grains of quartz aggregate (sand grains) occur as mono-minerallic grains except they retain a partial surface coating of the cement phases.  This would allow a naturally occurring quartz grain to be discriminated from a quartz grain derived from the degradation of a concrete product.

Figure 5.  Automated mineralogy characterisation of brick samples. From the samples analysed, only C5 and C17 show comparable modal mineralogy and texture. Scale bar for all particle images is 1 mm.

Figure 6.  Automated mineralogy particle images for two cement render samples.  (A) Sample C1 in which the sand grade aggregate is composed of quartz and K-feldspar along with minor amounts of biotite, muscovite, tourmaline and calcite and (B) Sample C35 in which the aggregate is sand grade grains of angular calcite and quartz along with minor K-feldspar, plagioclase and biotite.  Note that many of the particles are either solely composed of the cement phases or are composed of individual aggregate grains partially rimmed by the cement phases.

Figure 7.  Comparison of the texture and mineral associations in fragments (A) of concrete and (B) fragments of sandstone, and fragments of brick (C) and soil aggregates (D, [9]). The left hand colour key relates to manmade products (A and C) and the right hand colour key to mineral particles (B and D) Although in both comparisons the texture of the natural and man-made material can be similar, they are compositionally distinct.








Table 1 - Summary of samples analysed.
Sample	Material type	Description	Petrography
C1	Render	Cement render (external) with rock fragment on outer edge	Yes





C7	Brick	Brick "NDY" concrete/cement on one side, glaze on other	Yes
C8	Brick	Brick - structural	Yes
C9	Brick	Brick - structural	Yes
C10	Moulded block	Thermalite construction block	
C11	Concrete	Concrete paving slab	Yes
C12	Concrete	Concrete paving slab	Yes









C22	Moulded concrete block	Breeze block	Yes
C23	Concrete	Concrete roofing slate (Marley large)	
C24	Concrete	Pre-cast reinforced concrete	Yes
C25	Concrete	Pre-cast concrete curb stone	Yes
C28	Concrete	Modern poured concrete	Yes
C29	Concrete	Modern poured concrete	Yes
C30	Moulded concrete block	Breeze block	
C31	Concrete	External concrete	Yes
C32	Render	Concrete internal skim + paint	












Ferroan calcite	Fe-rich calcite, ankerite
Fluorite	Ca F phases
Quartz	Quartz.  May include other silica minerals
K feldspar	K feldspar such as orthoclase and microcline
Plagioclase feldspar	Plagioclase (oligoclase to anorthite solid solution)
Muscovite	Muscovite. May include alteration products after feldspars such as sericite.  Illite also reports to this category.







Ti phases	Rutile, titanite (sphene), ilmenite
FeOxCO3	Fe oxides (magnetite, hematite), siderite, Mn oxides
Gypsum	Ca sulphates
Thaumasite? (Ca-Si-S)	Ca Si S phases and ettringite
Calcium silicates	Ca Si phases.  Would also include hornblende
Ca Al silicates	Ca Al silicates
Ca Fe Al silicates	Ca Fe Al silicates, including epidote group minerals
Mg + Fe Silicates	Pyroxene and serpentine group minerals
Al(Fe) silicates	Al(Fe) silicates including chlorite group minerals
Glass	Glass










Table 3 - Representative modal mineralogical data for some of the concrete samples analysed in this study.  Note that the reported groupings include both naturally occurring minerals / rocks along with man-made aggregates and cement phases.



























Ca Fe Al silicates	9.34	1.00	1.61	0.41	0.59










Table 4 - Representative modal mineralogical data for some of the brick samples analysed in this study.  Note that the reported groupings include both naturally occurring minerals along with the phases produced during the firing of the bricks.



























Ca Fe Al silicates	9.84	0.00	0.66	1.03	9.68











Table 5 - Representative modal mineralogical data for some of the renders / plaster samples analysed in this study.  Note that the reported groupings include both naturally occurring minerals / rocks along with man-made cement phases and other products.



























Ca Fe Al silicates	1.67	0.10	0.05	0.40	1.69
Mg + Fe Silicates	0.04	0.17	3.33	1.34	0.12
Al(Fe) silicates	0.87	0.26	2.57	1.40	1.18
Glass	1.56	1.10	1.01	0.36	0.67
Others	0.09	0.17	0.20	0.00	0.01
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